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A B S T R A C T

The analysis of the distribution of microfractures and micropores is important to accurately characterise mass
transfer within a rock body. In this paper, a new ‘simultaneous polarization–fluorescence microscopy’ method is
presented, which can be used to analyse the distribution of microscopic voids, including microfractures and
micropores, in granitic rock. In this method, thin sections prepared with fluorescent dye are analysed under a
polarizing microscope equipped with a fluorescent reflected light source. Using both the transmitted and the
fluorescent light sources, both the distribution of microfractures and micropores, and petrographic characteristics
(mineral occurrences) can be determined efficiently and simultaneously. The distribution of microfractures and
micropores observed in images of granites obtained using simultaneous polarization–fluorescence microscopy is
consistent with the distribution observed in backscattered electron images. The low magnification characterisa-
tion of the distribution of microscopic voids also provides targeting for subsequent studies including scanning
electron microscopy under high magnification, chemical analysis, and image processing.
1. Introduction

The characterisation of mass transfer within granitic rock (e.g.
pathway, rate, and direction) contributes to safety evaluations of the
geological disposal of nuclear waste and the geological storage of oil and
natural gas. Microfractures and micropores in minerals act as migration
pathways for mass transfer through granitic rock (e.g. Ishibashi et al.,
2014, 2016b; Yuguchi et al., 2019). Therefore, the characterisation of
microfractures and micropores deduced from both of low- and
high-resolution analyses is important to accurately evaluatemass transfer
within a rock body. High-resolution analyses (e.g. SEM analysis) can
provide the detailed characterisation of microfractures and micropores
(e.g. measurement and parameterization), while lower-resolution
analytical techniques are required to understand their distributions. In
this respect, this study presents an analytical method for evaluating the
distribution of microfractures and micropores based on simultaneous
polarization–fluorescence microscopy as lower resolution analytical
technique.

In a previous study dealing with the analysis of the distribution of
microfractures and micropores, Takagi et al. (2008) described the dis-
tribution of open microfractures in granitic minerals, based on polarized
a-u.ac.jp (T. Yuguchi).
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light microscope (POM) and cathodoluminescence images. Li et al.
(2017) presented a method of fracture characterisation in carbonate rock
using Sony TA-1150 X-ray computed tomography (CT) imagery.
Although the X-ray CT imagery can provide three-dimensional informa-
tion about fractures within a rock sample (e.g. Johns et al., 1993; Ket-
cham et al., 2010; Cnudde and Boone, 2013). A combination of X-ray CT
imagery with the 14C-labelled-polymethylmethacrylate method can
provide three-dimensional distributions of minerals and porosities in
granitic rock at a high-resolution (e.g. Voutilainen et al., 2012; Mazurier
et al., 2016). Method of confocal scanning laser microscopy also can
characterise the three-dimensional fracture network in granite sample
(e.g. Montoto et al., 1995; Men�endez et al., 1999). However, their
methods can be difficult to get access.

Ishibashi et al. (2016a) employed a fluorescence microscope equip-
ped with a polarization system (Leica M205 FA). Based on this system,
they obtained fluorescence microscopy (FLM; excitation wavelength:
450–490 nm, absorption wavelength: >500 nm) and POM images. The
distribution of microfractures and micropores, and petrographic infor-
mation were obtained by overlaying the FLM and POM images using
digital image processing. Yuguchi et al. (2019) described the distribution
and shapes of micropores within altered plagioclase based on
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Figure 1. Schematic of the simultaneous polarization–fluorescence micro-
scopy setup.
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backscattered electron (BSE) images obtained using SEM. Although the
method of Ishibashi et al. (2016a) is favourable for low magnification
observations, real-time observations of both microfractures and petro-
graphic information cannot be made because the FLM and POM images
have to be captured separately and then overlain. Although SEM analysis,
such as that reported by Yuguchi et al. (2019), can be used to observe the
chemical variation of plagioclase and micropores with higher resolution,
the distribution of micropores over a wide area cannot be evaluated. We
therefore present a new easy-to-use ‘simultaneous polar-
ization–fluorescence microscopy (PFM)’ method, which can be used to
efficiently and simultaneously determine both the distribution of
microfractures and micropores and petrographic characteristics in thin
sections of rock samples. This paper presents the methods of the PFM
technique, evaluates the technique and its application to granitic rock
samples, and finally discusses the contribution of this method to the
analysis of mass transfer.

2. Material and methods

The rock samples used to test the PFM method are from the Toki
granite, central Japan, and were collected from the Mizunami Under-
ground Research Laboratory. The laboratory consists of two vertical
shafts (a main and a ventilation shaft) that are 500 m deep and range
from 201 m above sea level (a.s.l., ground level) to an altitude of -299 m
a.s.l.. (shaft bottom). Biotite chloritization (Yuguchi et al., 2015) and
plagioclase alteration (Yuguchi et al., 2019) have been reported from the
ventilation shaft at a depth of ~500 m (-299 m a.s.l.). The samples used
in this study were collected from the deepest part of the ventilation shaft
(-274 to -314 m a.s.l.). The petrography of the Toki granite at the sample
site has been described in detail by Yuguchi et al. (2015, 2019). Many
BSE images of the plagioclase and biotite minerals was collected to
compare the distribution of microfractures and micropores in the PFM
and BSE images.

The petrographic thin sections were produced by adhesion of the rock
sample (about thickness of 0.03 mm) and glass slide (Figure 1). In this
study, the adhesive included a fluorescent dye (bisphenol A) and water-
insoluble with viscosity of 20,000–40,000 mPa⋅s. The adhesive material
infiltrates microfractures and micropores in the sample, causing them to
fluorescence under a fluorescent light. The water-insoluble adhesive
prevents the decomposition of hydrous secondary minerals (e.g. clay).
Thus, microfractures and micropores filled by the secondary minerali-
sation do not exhibit blue fluorescence in the PFM images.

The PFM apparatus consists of a polarizing microscope (Carl Zeiss
Axio Lab. A1 POL) and a light source for fluorescence excitation (MeCan
Adjustable lamp, fluorescence excitation light: 470 nm; Figure 1). The
light emitted by the transmitted light source below passes through the
polarizing filters and the thin section; simultaneously, the thin section is
illuminated by the fluorescence excitation light source from the above
(Figure 1). Light irradiation of the thin section leads to blue fluorescence
of microfractures and micropores. The blue light passes through the
upper polarizing filter where it combines with the transmitted polarized
light to produce the PFM image. Therefore, the polarization and fluo-
rescence systems used for simultaneous observations do not interfere
with each other. This method can provide real-time observations of both
microfractures and petrographic information.

The area (pixel area) of the minerals andmicrovoids were determined
using Photoshop® image processing software. Image analysis revealing
the areal fractions of the microvoids in the minerals were demonstrated
with PFM images of biotite and plagioclase as an example (Figure 2). The
biotite of Figure 3C-2 features microvoids along its cleavages; the altered
plagioclase of Figure 4A-2 contains micropores. The biotite and plagio-
clase were clipped from the PFM images (Figure 2A-1 and B-1).
Figure 2A-2 and B-2 show the binary images of the biotite and altered
plagioclase. Black pixels consist of the target minerals and microvoids
(1,430,151 pixels of Figure 2A-2, and 908,774 pixels of Figure 2B-2),
while white pixels correspond to areas other than the target minerals.
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The black pixels in the binary image of Figure 2>A-3 correspond to the
biotite area (1,192,377 pixels); those of Figure 2B-3 correspond to the
plagioclase area (860,296 pixels). Thus, the areal fractions of the
microvoids are 0.166, i.e. (1,430,151–1,192,377 pixels)/1,192,377
pixels in the biotite, and 0.053, i.e. (908,774–860,296) pixels/860,296
pixels in the altered plagioclase.

3. Results and discussion

Figure 3 shows POM and PFM images of the Toki granite. The PFM
images of samples No. 12-2 (A-2), 9-8 (B-2), and 12-2’ (C-2) show both
the petrological characteristics and the distribution of blue fluorescent
dye. The altered areas of plagioclase contain high-frequency, fluorescent
blue dye with patchy shape. In unaltered areas, the dye occurs as low-
frequency, long and linear shapes (Figure 3A-2 and B-2). The POM,
PFM, and BSE images of altered plagioclase (sample 9-4) in Figure 4 show
that the altered area irregularly branches out in multiple directions,
indicating the infiltration channels of hydrothermal fluids (Yuguchi
et al., 2019). The plagioclase also includes altered areas with large
amounts of fluorescent dye observed in the PFM images and unaltered
areas with small amounts of dye (Figure 4A-2 and B-2). The BSE images
of the target plagioclase show that altered areas include columnar and
granular micropores smaller than 15 μm (Figure 4C). Altered areas
contain more micropores than the unaltered areas. Therefore, the blue
fluorescence dye observed in the PFM images of plagioclase corresponds
to the distribution of micropores. The area (pixel area) of the microvoids
in the altered plagioclase was determined by image analysis (Figure 2).
The corresponding volume was estimated by simply assuming area-
–volume equivalence (Yuguchi and Nishiyama, 2008), and the volume
fraction of the microvoids was evaluated to be about 0.053.

Microfractures in quartz appear as connected lineations of fluorescent
dye (Figure 3A-2 and C-2). The brightness and width of these lineations
can be used to estimate the aperture size of the microfractures. K-feldspar
has turbid areas, in which large amounts of fluorescent dye occur as
patches in the PFM images (Figure 3A-2 and B-2). The turbid areas were
caused by hydrothermal alteration and are associated with the distribu-
tion of micropores (Waldron et al., 1994). Therefore, the fluorescent dye
within K-feldspar corresponds to the distribution of micropores. In the



Figure 2. Image analysis revealing the volume (areal) ratios of the alteration minerals obtained using image processing software, with PFM images of plagioclase and
biotite as an example.
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Figure 3. Polarization microscopy images (POM: A-1, B-1 and C-1) and simultaneous polarization–fluorescence microscopy images (PFM: A-2, B-2 and C-2). A: sample
No. 12-2, B: sample No. 9-8 and C: sample No. 12-2’.

T. Yuguchi et al. Heliyon 6 (2020) e04815

4



Figure 4. Polarization microscopy (POM) images (A-1 and B-1), simultaneous polarization–fluorescence microscopy (PFM) images (A-2 and B-2), and backscattered
electron (BSE) images (C-1 and C-2), showing the altered plagioclase with channel structures resulting from hydrothermal fluid infiltration (sample No. 9-4).
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PFM images, the biotite cleavage is fluorescent (Figure 3A, B and C). The
biotite cleavage shown in Figure 3C is brighter and wider than other
biotite cleavages, indicating wider apertures. According to image anal-
ysis, the volume fraction of the microvoids in biotite is about 0.166
(Figure 2). Therefore, micropores in biotite act as pathways for
high-efficiency mass transfer.

Our results indicate that the blue fluorescence observed in PFM im-
ages reflects the distribution of voids (microfractures, micropores, and
cleavage). Polarization–fluorescence microscopy is a powerful tool to
simultaneously determine both the distribution of microscopic voids and
mineral occurrences. It enhances the technique of Ishibashi et al. (2016a)
by allowing the FLM and POM image data to be collected simultaneously.
Detailed characterisation of the distribution of microscopic voids under
low magnifications allows target points to be identified for analyses with
high-resolution techniques. Thus, PFM contributes to a workflow from
low-to high-magnification analyses including scanning electron micro-
scopy, chemical analysis, and image processing that can be used to
evaluate the distribution of mass transfer pathways within granitic rocks
(Figure 5).
5

4. Conclusions

Simultaneous polarization–fluorescence microscopy (PFM) can be
used to identify both the distribution of microscopic voids (e.g. micro-
fractures, micropores, and cleavage) and the petrographic characteristics
in thin sections of rock samples. The PFM apparatus consists of a polar-
izing microscope equipped with a light source for fluorescence excita-
tion. White light emitted by the lower light source is transmitted through
the polarizing filters and the thin section. Simultaneously, the thin sec-
tion surface is excited by the light emitted from the fluorescent light
source located above the sample. The polarized and fluorescent light
systems do not interfere with each other during observation. Blue fluo-
rescence in the PFM images reflects the distribution of microscopic voids.
In the examined granites, the blue fluorescent dye within altered
plagioclase corresponded to the distribution of micropores, thereby
demonstrating that PFM can provide real-time observations of both
microfractures and petrographic information. The detailed characteri-
sation of the distribution of microscopic voids under low magnification
contributes to the subsequent higher resolution studies because it can



Figure 5. Flowchart the analyses used to accurately characterize mass transfer
within granitic rock.
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help to target the points for further analysis. Therefore, PFM is a useful
method that can complement high magnification used in the evaluation
of mass transfer pathways within granitic rocks. Our methodology is new
in this field, and its validity and usefulness should be further evaluated in
other granites and other lithologies for which an understanding of mass
transfer pathways is important.
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